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S u m m a r y  

The  p e r f o r m a n c e  of  solar cells can be a p p r o a c h e d  f r o m  the view of  
opt ica l  l imi ta t ions  ( the  adso rbed  solar p h o t o n )  or  electr ical  l imi ta t ions  ( the  
co l lec ted  carriers) .  In this pape r  we focus  on the  opt ica l  behav io r  of  a-SiHx 
fi lms and th rough  these  da ta  def ine  the  intrinsic opt ica l  l imi ta t ions  on the  
p e r f o r m a n c e  of  a-SiH.~. We p resen t  p roven  t echn iques  for  the  ex t r ac t i on  of  
the  opt ica l  cons t an t s  for  thin f i lms of  a-Sill  x on quar tz  over  the  abso rp t i on  
range 10 1 . 10 ~ cm -1. Fo r  the  range 104 - 106 cm -1 we def ine  an opt ica l  
gap E G f r o m  a p lo t  of  (aE)  1/2 against  E for  f i lms of  c o m p a r a b l e  th ickness .  
We show the  ut i l i ty  of  this p a r a m e t e r  for  guiding mater ia l s  research and we 
discuss its theore t ica l  significance.  Below E G we ut i l ized b o t h  opt ica l  and 
p h o t o c o n d u c t i v i t y  da ta  to  establ ish a sharp  exponen t i a l  edge. For  a-SiHx 
the  edge has an ac t iva t ion  energy  tha t  can be sample  d e p e n d e n t  and  for  our  
fi lms it ranges f r o m  0.05 to  0.10.  The  device impl ica t ions  of  this e x p o n e n -  
tial edge are discussed. 

1. I n t r o d u c t i o n  

The  opt ica l  p rope r t i e s  of  a mate r ia l  are def ined  by  the  spect ra l  depen-  
dence  o f  its c o m p l e x  index  of  re f rac t ion :  ~ (E) = n(E)  + ix (E). F r o m  ~(E)  
we can ob ta in  ~ (E) t h rough  the  re la t ion  ~ 2 = ~.  The  imaginary  pa r t  o f  ~ = 
e 1 + ie 2 descr ibes  the  f u n d a m e n t a l  op t ica l  exc i t a t ions  of  the  mater ia l .  

For  a c o m p l e t e  desc r ip t ion  of  the  e l e m e n t a r y  exc i ta t ions ,  i n f o r m a t i o n  
on ~ (E) is requi red  over  a wide range o f  p h o t o n  energy  E. This  is usual ly  
accompl i shed  for  bulk  samples  t h rough  the  K r a m e r s - K r o n i g  analysis  o f  
re f lec t iv i ty  da ta  since t ransmiss ion  m e a s u r e m e n t s  are res t r ic ted  to  re la t ively 
na r row  ranges in E because  o f  the  high op t ica l  abso rp t ion .  For  th in  f i lm 
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samples, optical transmission can cover a broad energy range but, in highly 
absorbing material, reflectivity measurements cover a wider spectral range. 

For a semiconductor  the spectral region of major interest is that in the 
vicinity of the absorption edge since it supplies information on the optical 
gap E G as well as on the density of states within the gap. For semiconductors 
that can be prepared in thin film form, transmission, absorption and reflec- 
tion measurements can be appropriate tools to obtain ~ (E) over the energy 
region within several volts of the absorption edge. 

A fundamental  assumption of thin film measurements is that films pre- 
pared under identical preparation conditions exhibit  an g (E) that  is indepen- 
dent  of the film thickness D. Thus surface absorption or scattering must be 
small with respect to volume contributions.  This assumption is hard to verify 
but is no more serious than that associated with reflectivity measurements 
where the surface of a material is assumed to be identical with the bulk. 

In addition to characterizing the semiconductor  near its absorption 
edge, g (E) determines the optical absorption of any electro-optic device and 
defines the optical limitations on device performance.  

In this paper we first present a variety of optical techniques that we 
found useful in measuring g (E) (hence ~ (E)) in the vicinity of the absorp- 
tion edge of thin semiconducting films. We focus on films of amorphous 
silicon hydride (a-SiHx) with thicknesses from 300 A to 5/~m. 

Our films were obtained for the most part by the r.f. glow discharge 
decomposit ion of Sill4 onto anodic substrates held at elevated temperatures 
[1] .  We also report  some data on films of a-SiHx prepared by reactive sput- 
tering [2] .  Many of the data were obtained for films with the composit ion 
SiH0.1G where the substrate temperature is 240 °C. Hydrogen concentrat ions 
were determined by the l r'N-1H interaction [3] .  Film fabrication and physi- 
cal characterization will be described elsewhere [1] .  Some of the optical 
data, and their theoretical interpretat ion,  have been published in a previous 
paper [4] .  

Finally we use the optical constants for a-SiHx to simulate the optical 
absorption of realistic Schot tky diodes through an exact thin film optical 
program. We thus define the fundamental  optical limitations of the simple 
solar devices with respect to the direct air mass one (AM1) solar spectrum. 

2. Thin film optics 

The determinat ion of  ~ (E) for  a thin film materiai requires two of the 
three possible measurements: transmission, reflection and absorption. It is 
facilitated by a fourth measurement:  the direct measurement of the film 
thickness D. There are many routes to the extract ion of ~(E) from such 
measurements. We present an approach that  has worked well for a-Sill x films 
on quartz substrates in the thickness range from 300 A to 5 pm in the photon 
energy range 1.3 - 4.0 eV. 

The optics are defined by the schematic diagram shown in Fig. l(a).  
Normal incidence is assumed throughout  this paper. In Fig. l (a)  a film of 
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Fig. 1. (a) Optical configuration corresponding to eqn. (1) - eqn. (4); (b) optical configu- 
ration corresponding to eqn. (18) and eqn. (19). 

thickness D and refractive index ~ (~ 2 = ~ ) is confined between two infinite 
half-spaces of real index n I {n 1 = 1) and n 3 (for quartz n 3 - 1.5). The inci- 
dent wave is directed toward the film from medium 1 and we define a reflec- 
tion coefficient RF, a transmission coefficient T F and an absorption coeffi- 
cient A F. By conservation of energy 

AF + RF + TF = 1 

It is a simple matter to show that  

r/1 
TF - I t  12 (1) 

i2 3 

RF = I~ 12 (2) 

where 

= t12 exp (iQ) ~23 2 (3) 

= r12 + t12 exp(iQ)Y23exp(iQ) t21Z (4) 

Equations (1) and (2) are derived from time averaging the Poynting vector. 
Equations (3) and (4) can be obtained almost by inspection by considering 
the passage of a ray through the film. The quanti ty Q given by 

t~-  2~n2D (5) 

accounts for the complex phase shift on one transit of the film. The quanti ty 
zT given by 

2 = (1 -=- r21 exp(iQ) r23 exp(iQ)} -1 (6) 

takes into account multiple reflections within the film. The coefficients Yi~ 
and tij are the reflection and ~ransmission coefficients for the magnetic 
vector and are defined by 

r i j  = 1 - -  t i j  - (7) 

We next calculate eqn. (1) and eqn. (2) under various limiting condi- 
tions. 
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2.1. L o w  absorp t ion  regime (E <:~ E(;) w i th  a c o h e r e n t  source  

Here n ;~ K and n > na, n~. If  AX is the spectral width of  the source at 
1 ~ 2 wavelength ~, then A ~ n D / 3 ,  z ~ 1. We define R01/~ = r2j and Rj = r.~:~, 

where the ref lect ion and transmission coeff icients  are real. We define a 
4 ~ / ? , .  When the phase condi t ion  

exp(2 iQ)  = (_+) exp( - -aD)  (8) 

rp / M A X h  [ M I N  ~ where is met,  we obta in  under  the above condi t ions  XFtMIN J and RFtMA X! 

(1 --  Ro)(1 - - R 1 )  exp (- -aD) 

{1 ~ ( R o R 1 )  a/2 exp(--(~D)} 2 (9) 
T / M A X  

F t M I N  ) = 

and 

R / M I N  ~ = 
F t M A X /  

{Ro 1/2 T R11/2 exp(- -aD)}  2 

{1 x ( R o R 1 )  1/2 exp(- -aD)}  2 (10) 

When aD  = 0 

T / M A X ~  + ]O t M I N  ~ = 1 
1" ~. M IN  ! Jt~" F I, M A X /  

rp  [ MAX, ,  e v e n  and - v t  m i J  occurs when 4 n n D / X  is an (odd)  mult iple of  u. The film absorp- 
t ion is given by 

A / M A X ~ = I _ ~ r  tMAX~__R /MIN~ (11) 
F t M I N  ! I F I ,  M I N  ] F t M A X /  

For aD ~ 1 

(1 --  Ro)(1 + R 1 )  
A i M A X  WMIN ) = aD (12) 

{1 T ( R o R 1 ) I / 2 }  2 

Finally the geometr ic  mean or logari thmic average of  ~F~MAX~ ~ /M~N ~ is 

( R F ( M I N ) R F ( M A X ) } I / 2  = R o - -  R 1 e x p ( - - 2 a D )  (13) 
1 --  R o R  1 e x p ( - - 2 a D )  

a form which is more  linear in exp( - -2aD)  than eqn. (10) is for low values of  

R o R 1 .  

2.2. L o w  a b s o r p t i o n  regime wi th  an i n c o h e r e n t  source  (,AXnnD/X e ~ 1) 

As for  the case discussed in Sect ion 2.1, n >> ~, n > n3, n,  and the 
fringes are cancelled to give the incoheren t  result 

(1 --  R1)(1 -- Ro) e x p ( - - a D )  
Te(I)  = (14) 

1 --  R o R 1  e x p ( - - 2 a D )  

( 1 - - R o ) Z R 1  e x p ( - - 2 a D )  
Re ( I )  = Ro + (15) 

1 --  R o R  1 e x p ( - - 2 a D )  

and, for  aD < 1, 

(1 --  Ro)(1 + R1) 
AF(I)  = aD (16) 

1 --  R o R a  
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It is interest ing to  no t e  tha t  TF(I)  = (TF(MAX)TF(MIN)} 1/2 and AF(I) = 
(AF(MAX)AF(MIN)} 1/2. If t ransmission and absorp t ion  are p lo t t ed  on loga- 
r i thmic scales, adjacent  fringes can be averaged to  p roduce  the incoheren t  
forms eqns. (14) and (16) which are relatively insensitive to  Ro and R1 in the 
d e n o m i n a t o r  c o m p a r e d  with eqns. (10) and (12).  This t echn ique  of  "averag- 
ing"  adjacent  fringes has compu ta t i ona l  as well as noise r educ t ion  advan- 
tages. 

2.3. High absorption regime 
Here n ~ ~ and aD > 1. Under  these c i rcumstances  eqn. (1) simplifies 

to  

TF = l~12 12 ]~23 i2 e x p ( - - a D )  (17) 
n3  

and eqn.  (2) to  

RE = I 'r12 ]2 ( 1 8 )  

2.4. Substrate optics 
Before  we p roceed  to  the ut i l izat ion o f  these fo rmulae  we have to  

include the substra te  in the t ransmission and ref lec t ion.  The  large thickness  
of  the substra te  implies the  incohe ren t  l imit  and we simply m o d i f y  eqns. 
(13) and (14) to  co r r e spond  to  the s i tuat ion shown in Fig. l (b ) .  We ident i fy  
1 --  R 0 with the t ransmi t t ed  power  T F. We in t roduce  the very  small reflec- 
t ion coef f ic ien t  R3 at the subs t ra te -a i r  interface.  Thus  we write 

1 - - R  3 
T M = C T  F - T F (19) 

1 - - R I ' R  3 

TF2R3 
RM = RI.- + (20) 

1 - - R  1 'R 3 

where R I '  is the ref lec t iv i ty  of  the subs t ra te - f i lm in ter face  (R 1' = I Y 3212)- 
For  low index substrates  such as quar tz  or glass the  quan t i t y  C = 0.97,  and in 
the low transmission region where we util ize the ref lec t iv i ty  R M = R F. 

2.5. Summary o f  thin film optics 
We now summar ize  the equa t ions  tha t  we have fo u n d  mos t  useful.  

A F + R E + T F + I  (21) 

T / MAX't MAX 
MtMIN I =- CTF(MIN ) 

C(1 --  Ro)(1  --  R1 ) exp (--aD} 
= (9a) 

{1 ~ (RoR1) 1/2 exp( - -aD)}  2 

when n >> K, n > n3, nl  and the light source  is c o h e r e n t  (AXrmD/X 2 ~ 1). In 
eqn. (9a) 
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C = 0 .97  

R 0  1/2 = Y21 

R 11/2 = y23 

na ~ 1.5, n~ 4 

n i - - n ;  
r i j  -- 

n i + n j  

T h e  m a x i m a  s a t i s f y  4nn(~)D/?~ = 2Ln  w h e r e  L = 0, 1, 2, . . . .  T h e  m i n i m a  
s a t i s f y  t h e  s a m e  c o n d i t i o n  w h e r e  L = 1 /2 ,  3 /2 ,  5 / 2 , . . . .  

,v IMAX~ = 1 (11 )  

A /MAX~ = a D  (1 - - R o ) ( 1  + R 1 )  
F~MIN P (12 )  

(1  ~ (RoR1) l /2}  2 

w h e n  a D  < 1. 

(TM(MAX)TM(MIN)}  1/2 = C T F ( I )  (14a )  

( 1 - -  R 1 )(1 - -  R o )  e x p ( - - a D )  
T F ( I )  = (14 )  

1 -- R o R  1 e x p ( - - 2 ~ D )  

{A~.~(MAX)AF(MIN)} 1/2 = A F ( I )  

(1 - -  R o ) ( 1  + R 1 )  
= a D  (16 )  

1 - - R o R  1 

w h e n  a D  ~ 1. 

TM : CI t12[21t23 [2 e x p ( - - a D )  
na 

R M = I r12 12 

w h e n  a D  >> 1 a n d  w h e r e  

fii - -  hj 
~i; - h,. + fij 

These equations can be used with independent measurements of 
D to determine n and ~ (and hence ~ ) over a range of several volts around 
the absorption edge. 

(19) 

(20 )  

3. E x p e r i m e n t a l  t h i n  f i lm  optics 

3.1. Transmission measurement s  
We u t i l i z e d  a C a r e y  17 s p e c t r o m e t e r  in t h e  r a n g e  2 .5  - 0 .3  g m  f o r  f i l m s  

o f  a-SiHx 0 .03  - 5 ~ m  t h i c k .  In  t h e  l o w  a b s o r p t i o n  d o m a i n  nD was  d e r i v e d  
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Fig. 2. The negative common logarithm of the transmission minimum in the fringe regime 
as a function of the film refractive index n 2 and the substrate refractive index n s corre- 
sponding to eqn. {9): o, n s = 1.4;e, n s = 1.5;A, n s = 1.6. 

f r o m  ad jacen t  fr inge pairs and  was co r rec t ed  to  in teger  or  half - in teger  mul t i -  
ples of  2~. This  m e a s u r e m e n t ,  c o m b i n e d  with  D, gave a value of  n a t  ~ 
2.5 u m .  We also ut i l ized TM(MIN) (eqn. (9)) to  infer  the  value,  since as 
shown  in Fig. 2 it is sensit ive to  the  fi lm index  bu t  n o t  par t icu lar ly  sensit ive 
to the  subs t ra te  index.  Converse ly  TM(MAX) can be used to  infer  the  sub- 
s t ra te  index  (eqn.  (9)).  

The  t ransmiss ion  o f  the  f i lm is on ly  weak ly  d e p e n d e n t  on  the  q u a n t i t y  
n in the  highly absorb ing  region (eqn. (19))  and  we i te ra ted  re f lec t iv i ty  
m e a s u r e m e n t s  (eqn. {18)) in this reg ime to  ob ta in  da ta  on n and  K. 

Final ly,  as discussed in Sec t ion  4, we were  very  successful  in ex t end ing  
the  t ransmiss ion  da t a  to  the  region where  a D  ~ 0.05 - 0.5 by  ut i l izing the  
logar i thmic  average of  ad jacen t  fringes in t ransmiss ion  t h rough  eqn.  (14).  

3.2. R e f l e c t i v i t y  m e a s u r e m e n t s  

Ref lec t iv i ty  m e a s u r e m e n t s  a t  n o r m a l  incidence are d i f f icu l t  to  accom-  
plish on a Carey  s p e c t r o m e t e r .  Our  re f lec t iv i ty  a t t a c h m e n t  had  an angle of  
inc idence  close to  20 ° and  we did n o t  con t ro l  the  po la r iza t ion .  We were  able 
to  c o m p e n s a t e  fo r  these  errors  by  refer r ing  the  re f lec t iv i ty  o f  the  a m o r p h o u s  
silicon (a-Si) spec imen  to  t ha t  o f  a s t andard  ca l ib ra ted  a t  the  Bureau  of  
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Fig. 3. Error introduced in deriving the reflectivity of a-Si at normal incidence from the 
normal reflectivity of crystalline silicon and from reflectivity ratios taken at an incidence 
angle of about 20 ° for three polarization states : perpendicular, parallel and unpolarized. 

Standards  at near  normal  incidence.  We p lo t  in Fig. 3 the er ror  be tween the 
calculated normal  incidence ref lec t iv i ty  of  a-SiHx and the normal  incidence 
ref lect ivi ty  inferred f rom the rat io  of  the film signal to  tha t  of  the standard.  
As can be seen f rom Fig. 3, the e r ror  is small and insensitive to  polar iza t ion  
excep t  where fringes star t  to  appear.  The  success of  this t echn ique  depends  
on the similari ty be tween the refract ive indices of  crystal l ine silicon and 
a-SiHx. 

3.3. Photoconductivi ty  measurements 
A conven ien t  m e t h o d  for  obtaining aD at very  low values is p h o t o c o n -  

duct ivi ty .  In o rder  to  avoid ambiguit ies  due to  variable response t imes we 
used d.c. measurements .  The  p h o t o c u r r e n t  is given by 

/pc = cons tan t  (F~D) ~ (22) 

where  F is the  inc ident  light f lux and 7 is a measure  of  the r ecombina t ion  
kinetics [5 ] .  For  r.f. anodic  films at  substrate  t empera tu res  of  240 °C 
(a-Sill0.16), ? = 0.7 and is i ndependen t  of  energy in the energy domain  1.3 - 
1.7 eV where  we ut i l ized the p h o t o c o n d u c t i v i t y  to  derive aD. We reduced  
fringes by opening up the slit width  of  the m o n o c h r o m a t o r .  In an earlier 
publ ica t ion ,  low energy da ta  were obscured  by the  incomple te  shielding of  
higher  order  d i f f rac t ion  f rom the  m o n o c h r o m a t o r  [4 ] .  

3.4. Low aD transmission measurements 
Figure 4 shows the magni tude  of  --log10 T M at  the  posi t ion  of  fringe 

min ima  and maxima.  The  full curve is the ar i thmet ic  average of  the e x t r e m a  
but  includes the  wavelength dependence  of  the baseline as well. Apar t  f rom 
this, the  full curve should be given by eqn.  (14) and can be solved for  
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Fig. 4. Extrema of the logarithm of the fringe minima and maxima and their arithmetic 
average for sample 790402-1 (4.9 pm thick): o, AMIN; ©, AMA X. 

Fig. 5. Effect of increases in the extinction coefficient a on the arithmetic average of the 
logarithm of the transmission minima and maxima (the quantity A is the difference 
between eqn. (14a) and eqn. (14b) which is represented as a straight line): o, sample 
790330 (4.29 pm thick); ©, sample 790402-1 (4.90 pm thick). 

exp( - -2aD)  in the weakly absorbing limit. We chose to subtract eqn. (14) 
with a = 0, i.e. 

(1 - -R~) (1  - - R o )  
TF°(I) = = 1 - -RF°(I )  (14b) 

1 --RoR1 

from --loglo(TM(MAX)TM(MIN)} 1/2. This subtraction is shown for two films 
in Fig. 5. The derived (aD)/D for these films is compared with the photocon-  
ductivity data and T M through eqn. (19) in Figs. 6 and 7. The photocon-  
ductivity has been vertically shifted, but we believe that the correspondence 
in activation energy supports the identification of  the photoconductivity  
with optical absorption. In Fig. 7 we note that the optical data saturate. We 
associated this with a residual scattering loss. 

Although the logarithmic average of  adjacent fringes is computationally 
convenient through eqn. (14}, it also eliminates some random error induced 
by noise in Carey traces. With r.f. glow discharge films prepared on anodic 
substrates at 240 °C, the data shown in Fig. 6 are the data that are usually 
observed. Figure 7 is exceptional. 

4. Optical characterization of  a-SiHx 

4.1. Anodic films prepared by r.f. glow on substrates held at 240 °C 
(a-SiHo.16) 

In Fig. 8 data on n are presented. The full circles are derived from the 
analysis described by Fig. 2, and the open circles from iteration of  reflectivity 
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Fig. 6. The derived o~ (= (oLD)/D) for sample 790402-1 (4.90 p m  thick) (one of  the films 
shown in Fig. 5) utilizing eqn. (14a) and eqn. (14b):  A, T; o, (T); o photoconduct iv i ty .  

Fig. 7. The derived O~ (= (~.D)/D) for sample 790330 (4.29 pm thick) (the o ther  film 
shown in Fig. 5) utilizing eqn. (14a) and eqn. (14b):  0, (T); o, photoconduct iv i ty .  

and transmission measurements. Figure 9 shows the absorption constant 
determined by photoconductivity and optical absorption. In Fig. 10 our data 
are compared with the data of other researchers on films prepared in a similar 
manner. The a-Si curve is from measurements on an evaporated film by 
Pierce and Spicer [6]. The pronounced low energy tail presumably corre- 
sponds to optically active defects. The tails shown for the measurements of 
Zanzucchi e t  al. [7] and Tsai and Fritzsche [8] are probably residual scatter- 
ing losses. The data of Knights [9] cover a smaller energy range than our own 
but can be associated w i t h a  similar exponential absorption. 

In Fig. 10 the exponential character of the optical absorption edge on 
a-SiH0a6 is emphasized. There is a remarkable similarity between its optical 
absorption and that of a variety of amorphous glasses as can be seen from a 
comparison with amorphous arsenic sulfide (a-As2S3) [10] in Fig. 10. 
a-SiHx, of course, exhibits optimal electronic properties that  permit doping 
and has many of the "classical" semiconducting features that  previous amor- 
phous semiconductors lacked. 

In Fig. 11 we show composite data derived from all films for the 
straight-line plot of (~E) i/2 against photon energy. The plot has many fea- 
tures of the more fundamental  plot of (c 2E2) 1/2 which was first introduced 
by Tauc e t  al. [11]. The slope and intercept have a fundamental  significance 
in terms of the optical matrix element and an optical gap E G. The curvature 
at low and high energies establishes a correlation with film thickness. In 
measuring changes in E~ with external parameters {preparation or composi- 
tion variables} it is important  to compare films of the same thickness. 
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Fig. 8. The real part of  ~ as a funct ion of  photon  energy E for a-Sill0.16 : • analysis 
based on Fig. 2 ; o ,  iteration of  the reflectivity and transmission (eqns. (19)  and (20)) .  

Fig. 9. Absorption coeff ic ient  for a-Sill0.16 (r.f. g low discharge) derived from optical 
absorption (A) and photoconduct iv i ty  (©). 
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Fig. 10. The data o f  Fig. 9 compared with the absorption coeff ic ient  for evaporated a-Si, 
as well as r.f. g low discharge f i lms of  a-Sill  x prepared under similar condi t ions  as our 
own data (the absorption constant for a high quality glass (a-As2S 3 ) is shown for com- 
parison): 0, ref. 9 ; o ,  ref. 7;A,  ref. 8. 

Fig. 11. The data of  Fig. 10 plotted in the form suggested by Tauc et  al. for optical  tran- 
sit ions where m o m e n t u m  is not  conserved. This  plot  is for a variety o f  f i lms and defines 
an energy gap E G as well  as a slope. 
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4.2. The optical  gap o f  a-Si l l  X 
Figure 12 shows a typical  straightqine p lot  of  (c~E) ~'~ against energy for 

a 0.72 pm fihn. These plots are a convenient  way of  character izing the mate- 
rial in terms of  an optical gap Ec~ and have a fundamenta l  basis [4 ] .  They  are 
one way of  character iz ing the material  as illustrated in Fig. 13 where Ec~ is 
shown as a func t ion  of  hydrogen  concen t ra t ion  for films made in our  labora- 
to ry  (each poin t  represents many  films) and similar r.f. films prepared else- 
where [8 ] .  A chemical ly vapor-deposi ted film with very small hydrogen  
con t en t  [12]  is also shown,  as are a variety of  reactively sput tered  glow dis- 
charge films with various hydrogen  con ten t s  [2 ] .  In all our  data  the hydrogen  
con t en t  has been measured by the 15N react ion by Lanford  [31. In the o ther  
cases, hydrogen  evolut ion has been used. 

In Fig. 14 we show the p r o n o u n c e d  correla t ion between the slope of  
(~E) ~/'~ with inferred E~;. Again this correlates with the curvature  exhibi ted 
in Fig. 11 but  can be used advantageously  when compar ing  films of 
d i f ferent  thicknesses. 
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Fig. 12. A similar plot to Fig. 11 but for one particular film (the absence of curvature 
defines E G and slope without ambiguity for films of a comparable thickness): sample 
780928-Q; D = 0.72 pm; E G = 1.74 eV; slope, 8.19. 

Fig. 13. E G obtained from plots similar to Fig. 12 for r.f. glow discharge samples and 
reactively sputtered films, in which E G increases with the atomic percentage of hydrogen: 
o, glow discharge films (Exxon); ri, reactively sputtered films (Exxon); (-~, glow discharge 
films [8] ;/'~, chemically vapor-deposited film with low hydrogen concentration [121 . 

5. Optical  charac ter iza t ion  of  devices 

We assume an exponent ia l ly  falling optical  absorp t ion  below ~ = 10 '3 
cm i for  r.f. glow discharge anodic films of  a-Sill0.16 prepared on substrates 
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Fig. 14. Measured  gap E o as a f u n c t i o n  of  slope for a var ie ty  of  fi lms of  d i f fe ren t  thick-  
nesses. The  high gaps co r re spond  to f i lms a few h u n d r e d  ~ngstrSms th ick  and co r r e spond  
to the  high energy data  of  Fig. 11. 

held at 240 °C. An analytic fit to a is given by (Fig. 11) 

(aE) 1/2 = 7.516 (E- -  1.716) E < 2.178 eV (23) 

(aE) 1/2 = 10.180 (E -- 1.837) E > 2.178 eV (24) 

We postulate that  materials with different hydrogen concentrations have an 
optical absorption that  can be modeled by equations of the form of eqns. 
(23) and (24) but where we shift the "energy gaps" of eqns. (23) and (24) in 
a manner appropriate to the data shown in Fig. 13. We thus generate the 
three curves shown in Fig. 15 which correspond to hypothetical  films of 
a-Sill0.06 (1.62 eV) and a-Sill0.22 (1.82 eV) as well as the measured data on 
a-Sill0.16 (1.72 eV). 

We initially considered an idealized Schottky barrier device consisting 
of a substrate of either nickel [13] or aluminum [14],  a layer of a-Sill x of 
thickness D with arbitrary hydrogen concentration and  a metallic contact  of 
50 A of palladium. (Our transmission measurements are in good agreement 
with the palladium data of Johnson and Christy [ 13] .) We calculate at nor- 
mal incidence the absorption in a distance DE closest to the palladium. We 
assume that  all the light of a given wavelength that  is absorbed in the distance 
DE forms electron-hole pairs that  can be collected externally with 100% 
efficiency. We also determine the total reflection coefficient R. For any 
given ratio of DE/D we form the ratio A/(1 --R) which gives the fraction of 
the absorbed light at a given wavelength that  is collected in the distance D E  

for an a-SiHx film of thickness D with an absorption coefficient (Fig. 15) 
appropriate to a given energy gap and hydrogen concentration (Fig. 13). 

Figure 16 gives the results for A/(1 -- R) for a constant DE and variable 
D for a-Sill0.16 (EG = 1.72 eV) on a nickel substrate. Figure 17 gives the 
results for an aluminum substrate where the ratio DE/D is unity,  again for 
a-Sill0.16 (EG = 1.72 eV). The ripples in the curve arise from interference 
fringes. In both Figs. 16 and 17 the curves saturate in the blue to 0.87, 
corresponding to 0.13 absorption in the 50 A of palladium. We note that, if 
we compare the two curves for 0.25/0.25, there is an improvement in absorp. 
tion at long wavelengths produced by the higher reflectivity aluminum sub- 
strate. 
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value of  E G wi thout  changing the slope. 
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Fig. 16. Calculated fractional absorption in the region closest to the pal ladium contact  
for a material with an absorption coeff ic ient  corresponding to the middle curve in Fig. 15 
and an index corresponding to Fig. 8. 

Fig. 17. Calculated fractional absorption in the entire a-Sil l  x film as the film thickness  is 
varied on a highly reflecting substrate {a luminum rather than nickel).  

If we integrate the  curves shown in Figs. 16 and 17 (and also similar 
curves) with the AM1 spectrum [ 1 5 ] ,  we obtain  the  data shown  in Fig. 18 
where the left-hand ordinate is the m a x i m u m  external  current {R = 0) that  
can be obta ined for a-SiH0n 6 ( E  G = 1 .72  eV) films of  varying ratios of  DE/D 
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Fig. 18. Calculated maximum external currents (R = 0) as a function of film thickness D 
and collection width D E expressed as DE/D for nickel (e) (low reflectivity) and aluminum 
(©) substrates. The right-hand ordinate reduces this current density by a factor of 0.80 to 
include losses due to a one-thickness AR coating, as well as 50 A of palladium. 

Fig. 19. Calculated absorption in various thicknesses of a-Sill x with E G = 1.72 (Fig. 15) 
on a nickel substrate. 

and  d i f f e ren t  subs t ra tes  in device conf igura t ions  tha t  have losses c o m p a r a b l e  
with 50 A of  pa l lad ium.  

The  r igh t -hand  o rd ina te  o f  Fig. 18 represen t s  a scaling of  the  R = 0 da ta  
to  r ep resen t  the  e f f ec t  o f  an an t i re f lec t ion  (AR)  coa t ing  of  660  A of  ZrO2 
[ 1 6 ] .  (This th ickness  is close to  bu t  n o t  at the  m a x i m u m  cu r r en t  po in t . )  The  
scaling is a f a c to r  o f  0 .82 ob t a i ned  f r o m  da ta  similar  to  those  shown  in Fig. 
19 where  A ra the r  than  A/(1 --R)  is p l o t t e d  as a func t ion  o f  wavelength  for  
the  c o m p o s i t i o n  shown.  

Exce l l en t  a g r e e m e n t  wi th  Fig. 18 is given by  our  own  measu red  ex te rna l  
shor t -c i rcu i t  cu r r en t  o f  9.1 m A  cm -2 unde r  AM1 for  a p l a t i num S c h o t t k y  
barr ier  device wi th  a 660  £ ZrO2 A R  coat ing,  50 A of  p l a t i num and a 1.0 p m  
fi lm of  a-Sill0.16 (EG = 1.72 eV) [ 1 7 ] .  (The  ca lcu la ted  t ransmiss ions  for  
p l a t i num and pa l l ad ium are similar.)  Electr ical  evidence  suggested a field 
region of  a b o u t  3000  A for  this device.  I t  is a p p a r e n t  f r o m  Fig. 18 t ha t  the 
a s s u m p t i o n  o f  a sharp  abso rp t i on  edge for  a-SiHx severely res t r ic ts  the  short-  
c i rcui t  cu r r en t  for  f i lms less than  1 p m  thick.  

In Fig. 20 we show the s ignif icant  i m p r o v e m e n t s  in shor t -c i rcu i t  cu r ren t  
t ha t  m a y  be ob t a i ned  by  reduc ing  the  energy  gap of  a-Sil l  x. Based on Fig. 20, 
shor t -c i rcui t  cur ren t s  as high as 16 m A  cm 2 are possible  for  a-SiHx mater ia l  
wi th  Z G ~ 1.52 eV ( H  ~ 1%). I f  we assume a m a x i m u m  open-c i rcu i t  vol tage  
for  such mate r ia l  o f  1.0 eV and a fill f ac to r  o f  0.8, the  m a x i m u m  ef f ic iency  
for  a-SiHx is 13%. Even a l lowing fo r  a conserva t ive  10% loss due  to  shading, 
the  e f f ic iency  should  be above  10% and cer ta in ly  c o m p e t e s  wi th  the  panel  
eff ic iencies  o f  p resen t  devices.  Again it should  be emphas i zed  t ha t  Figs. 18 
and  20 include losses in 50 A o f  pa l lad ium (~20%) .  



242 

I 5 1.6 1 .7 1,8 

E o ,eV~ 

? 

10 

Fig. 20. Calcula ted  m a x i m u m  (R = 0) ex te rna l  shor t -c i rcui t  cu r ren t s  for fi lms 1.0 p m  
th ick  wi th  the  values s h o w n  for E G and  the  value of  E where  (~ = 104 cm 1. Again the  
r igh t -hand  o rd ina t e  co r re sponds  to a s imple AR coating.  These  data  co r r e spond  to a 
nickel  subs t ra te .  The  a l u m i n u m  subs t ra te  improves  the  cu r ren t s  by a b o u t  5%. 

6. Conclusions 

In this paper we focused on the optical properties of a-SiH~. We pre- 
sented proven techniques for obtaining the fundamental optical constants 
and showed their value in characterizing the material in terms of an exponential 
edge and well-defined energy gap E G which can be related to the hydrogen 
content  of the material. Finally we simulated the optical performance of 
simple Schottky barrier devices and obtained the optical limitation on device 
performance. Within the assumptions of this paper the maximum efficiency 
for the a-Si system is obtained with a hydrogen concentration of a few per 
cent and should be about 13%. Of course a major challenge is to maintain 
and improve the electrical properties of the material while improving the 
optical properties. 
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